As a step to study the mechanism of the microbody transition (glyoxysomes to leaf peroxisomes) in pumpkin (Cucurbita sp. Amakuri Nankin) cotyledons, catalase was purified from glyoxysomes. The molecular weight of the purified cataase was determined to be 230,000 to 250,000 daltons. The enzyme was judged to consist of four identical pieces of the monomeric subunit with molecular weight of 55,000 daltons. Absorption spectrum of the catalase molecule pve two major peaks at 280 and 405 nanometers, showing that the pumpkin enzyme contains heme. The ratio of absorption at 405 and 280 nanometers was 1.0, the value being lower than that obtained for catalase from other plant sources. These results indicate that the pumpkin glyoxysomal catalase contains the higher content of heme in comparison with other plant catalase.
In some seeds such as pumpkin and watermelon, fat is stored as reserve material in the cotyledons. During the course of germination of seeds, this reserve fat is utilized as the primary energy source for the growth of young seedlings. During the period when the cotyledons emerge from the soil, tissues become green and photosynthetically active upon exposure to light. Evidently, photosynthesis supplies the major portion of energy needed for the growth of the seedlings after greening.
During the greening process, several metabolic and structural changes, such as the developmental formation of chloroplasts from plastids and the transitional formation of leaf peroxisomes from glyoxysomes, are known to occur (1, 2) . Since there is no cell division in the cotyledons of these fatty seedlings during the process of germination and subsequent greening, all the devel-'The research was supported in part by research grants from the Ministry of Education, Science and Culture of Japan (5776065) and the Ishida Foundation (Nagoya). This is Paper 3 in the series "Analytical Studies on Microbody Transition." Paper 2 of the series is Ref. 23 .
opmental events take place in a fixed number of pre-existing cells. Therefore, the cotyledons are believed to be a feasible research material for studying the regulatory mechanism underlying the organelle development as well as its transformation. The transformation of microbodies (glyoxysomes to leaf peroxisomes) in greening fatty seedling is an interesting phenomenon, and two hypothetical mechanisms (the one-population model and the two-population model) have been put forward regarding the origin of the leaf peroxisomes in green tissues. The one-population model postulates that glyoxysomes are considered to be directly transformed to the leaf peroxisomes during the greening process (2, 29) . On the other hand, in the twopopulation model, it is assumed that glyoxysomes are entirely broken down during greening and leaf peroxisomes are newly synthesized de novo (1, 13, 14) .
Studies on catalase (H202:H202 oxidoreductase, EC 1.11.1.6) are considered to provide useful opportunities to elucidate the mechanisms of microbody transition, as the enzyme is a well known marker of both glyoxysomes and leaf peroxisomes (11) . According to the one population model, it is conceivable that catalase present in glyoxysomes is not broken down, but reta ned in the leaf peroxisomes. The two-population model predicts that catalase would be completely broken down like other glyoxysomal enzymes, while leaf peroxisomal catalase is newly synthesized. At present it is not known whether there are any differences between glyoxysomal and leaf peroxisomal catalase molecules.
Catalase has been purified from various animal and bacterial sources, but there are only a few reports concerning the purification of catalase from plant sources, e.g. spinach leaves (9) , lentil leaves (28), cucumber cotyledons (16) , and sweet potato roots (7) . Emden (6) Step 4: DEAE-Cellulose Column Chromatography The dialyzed enzyme sample was applied to a column of DEAEcellulose (Whatman DE52, 10 x 1 cm) which had been preequilibrated with 10 mM Tris-HCl buffer (pH 8.5). After the column was washed with 15 ml of 10 mM Tris-HCl buffer (pH 8.5), it was eluted with a linear gradient obtained by introducing 40 ml of 25 mM Tris-HCl buffer (pH 8.5) into 40 ml of 25 mM Tris-HCl buffer (pH 8.5) containing 0.1 M NaCl at a flow rate of 7 ml/h. The enzymically active fractions were concentrated to 3 ml using a collodion membrane bag.
Step 5: Second Ultrogel AcA 34 Gel Filtration. The concentrated enzyme solution was loaded onto the same column of Ultrogel AcA 34 under the same experimental conditions, and the fractions containing high catalase activity were collected and concentrated with a collodion membrane bag. The specific activity of the concentrated enzyme preparation after Ultrogel AcA 34 was 121 kunit/mg protein.
Preparation of Glyoxysomal and Leaf Peroxisomal Fraction. The dialyzed supernatant fractions of glyoxysomes (see above) was used for immunochemical analysis as the glyoxysomal fraction. The leaf peroxisomal fraction was prepared from green pumpkin cotyledons following the same procedures for the glyoxysomal fraction. A modification employed was that the concentration of sucrose in the homogenizing buffer was raised to 15% (w/v). Other enzymes and chemical assays were those described in the literature as follows: alcohol dehydrogenase (27) , Chl (24) , fumarase (24) , isocitrate lyase (3), protein amounts (17), ribulose-1,5-bisphosphate carboxylase (24) , and xanthine oxidase (26) .
Gel Electrophoresis. Three per cent polyacrylamide-0.5% agarose gel electrophoresis was carried out as described by Schiefer et a l . (28) . SDS-polyacrylamide gel electrophoresis was conducted according to the method described by Laemmli(15) .
Preparation of Antiglyoxysomal Catalase IgG. Methods of preparing specific antiserum against glyoxysomal catalase were essentially the same as reported previously (23 (5) . In order to characterize catalase in the microbodies, glyoxysomes were isolated from etiolated pumpkin cotyledons and subsequently used for the enzyme purification.
As reported previously (11), glyoxysomes (marker enzyme: catalase) were well separated from mitochondria (marker enzyme: fumarase) on linear sucrose gradients, whereas they were overlapped with plastid fractions (marker enzyme: ribulose bisphosphate carboxylase). About 50% of the total cellular catalase activity was recovered in the glyoxysomal fractions, having a peak density of 1.25 g/cm3. As shown in Table I , 93% of catalase was found to be liberated from glyoxysomes during the overnight dialysis. Figure 1 shows the elution profile of the second Ultrogel AcA 34 column chromatography. The profile of catalase activity perfectly coincides with that ofA at 280 nm. Shadowed fractions 19-22 were pooled and used as purified enzyme preparation. As shown in Figure 2 , the purified enzyme preparation gave only one band in both 3% acrylamide-0.5% agarose gel (A) and SDSpolyacrylamide gel electrophoresis (B). The results indicate that the pumpkin glyoxysomal catalase consists of only one type of subunit. Table I (20) , gave a value of 230,000 D from its sedimentation value of 11.6S (Fig. 3) . Similar values were obtained from purified catalase of other sources (10, 21) . From these data, it is highly likely that the glyoxysomal catalase has a tetrameric structural organization.
Absorption Spectrum. The absorption spectrum ofthe purified enzyme was typical of a heme protein having two major peaks at 280 and 405 nm (Soret band) and three minor peaks at 510, 530, and 625 nm, respectively (Fig. 4) . The ratio of absorption peaks at 280 to 405 nm was calculated to be 1.0, lower than that reported for other plant catalase molecules (7, 9, 28 (Fig. 6a) , the antiserum prepared against glyoxysomal catalase gave a completely fused precipitin line with (D) purified glyoxysomal catalase, (E) glyoxysomal fraction, and (B) supernatant fraction prepared from the etiolated cotyledons, indicating that the antiserum used is monospecific to the catalase.
As shown in Figure 6b , the precipitin lines formed between antiglyoxysomal catalase IgG and either glyoxysomal and leaf peroxisomal fraction were completely fused. The However, the data in Figure 7 clearly show that there is a difference between the glyoxysomal and leafperoxisomal catalase in immunotitration analysis. The equivalent point of the glyoxysomal catalase against the IgG was about 2.5-fold greater than that of the leaf peroxisomal enzyme. Since immunochemical differences between the glyoxysomal and leaf peroxisomal catalase were not detected by either the Ouchterlony double immunodiffusion (Fig. 6) or the immunoelectrophoretic analysis, it is highly conceivable that the difference observed in the immunotitration experiments is due to the difference in the specific activities of catalase from glyoxysomes and leaf peroxisomes.
As a measure of analyzing the developmental formation of catalase molecule in a quantitative scale during the greening process, amounts of catalase molecules in the fractions were determined by a single radial immunodiffusion analysis and these values and catalase activity in the fractions were used for calculating the specific activity (kunit/mg catalase). Figure 8 shows the distribution pattern of catalase and its specific activities during greening analyzed by the sucrose density gradient centrifugation. The specific activities of both glyoxysomal and supernatant fractions were in a range of 80 to 90 kunit/mg catalase (Fig. 8A) . These values are quite comparable to those obtained from crude homogenates and the purified enzyme of glyoxysomal origin. However, it was found that after a 4-d light period the specific activity of catalase decreased to 20 to 25 kunit/mg catalase (Fig. 8C) . Since the eluate from the Sephadex G-25 column gave the same specific activity as the whole homogenate (data not shown), it is inferred that the difference in the specific activities is not due to the interferring low mol wt substances. Intermediate values of the specific activity were observed after a 2-d light period (Fig. 8B) . These overall results indicate that a decrease in the specific activity occurs during the greening process Catalase fractions isolated by DEAE-cellulose column were pooled and concentrated using a collodion membrane bag. The enzyme sample was then loaded onto a column of Ultrogel AcA 34 and eluted with 10 mM KPB (pH 8.0) containing I mM EDTA, and 2-ml fractions collected were used for the assay of catalase activity (0). Shadowed fractions 19-22 were collected and pooled as purified catalase preparation.
*-_ in pumpkin cotyledons. The distribution pattern of catalase from green cotyledon preparation shows that the catalase activity was recovered at a density of 1.20 and 1.25 g/cm3, respectively (Fig.  8C) . The peak at 1.20 g/cm3 completely overlapped with that of Chl. We have applied large amounts of homogenate in order to analyze catalase content by single radial immunodiffusion technique. Therefore, catalase activities observed at a density of 1.20 g/cm3 are likely to be derived from the leaf peroxisomes trapped by chloroplasts. It has been reported that catalase is not localized in chloroplasts (25) . The trapping of mitochondria by chloroplasts was reported in wheat leaves (8) . DISCUSSION Molecular Properties of Pumpkin Glyoxysomal Catalase. Some properties ofcatalase molecules isolated from various plant sources are summarized for comparison in Table II . The glyoxysomal catalase from the etiolated pumpkin cotyledons has a number of characteristics distinguishable from the enzyme of other sources. At first, its specific activity (90-120 kunit/mg protein) is higher than that ofother plant enzymes except cucumber. It is possible to compare their specific activity because they were measured under similar assay conditions (Table II) . The higher specific activity reported here may be explained by the different heme content of the catalase from different sources. The ratio of A at 405 and 280 nm provides a rough measure of the heme content in the enzyme (10, 21) . It has been reported that the ratio of A280/A405 for several catalases of plant origin is about 1.5 (7, 9, 28) , indicating that the number of heme groups per enzyme molecule is approximately 2 (9) . In contrast, the ratio with some mammalian catalase as well as the bacterial enzyme containing 4 heme groups/molecule is close to 1 (10, 21) . Since the value of the pumpkin glyoxysomal catalase presently studied is approximately 1, it is conceivable that the enzyme from etiolated cotyledons has a higher heme content, similar to the animal and bacterial catalases rather than the plant enzyme.
Immunochemical Fig. 1 ) (about 10 Mg) was applied to 3% acrylamide-0.5% agarose gel (A) and SDSpolyacrylamide gel electrophoresis (B) followed. The gel was stained with Coomassie brilliant blue.
green cotyledons resembles glyoxysomal enzyme immunochemically (Fig. 6) . However, results of both immunotitration (Fig. 7) and single radial immunodiffusion analyses (Fig. 8) show that the leaf peroxisomal catalase is distinguishable from the glyoxysomal enzyme. Developmental studies on the enzyme during the greening step clearly indicate that the specific activity (catalytic efficiency) ofthe catalase molecule gradually decreases. A similar phenomenon concerning changes in the specific activity has been reported on f3-fructofuranosidase during the maturation of tomato fruits (4) .
It has been known that the catalase activity dramatically decreases during the greening process (13, 29) . A part of the phenomenon can be explained on the basis of the decrease in the specific enzyme activities during greening. higher specific enzyme activity as well as the heme content in comparison with other plant enzymes. It is thus possible that the heme content in the catalase molecule changes during the step of seedling greening.
Previously Betsche and Gerhardt (2) have reported that there is no increase in the rate of biosynthesis of catalase during the greening process of sunflower cotyledons, and implicated the direct transformation of glyoxysomes to leaf peroxisomes (the one-population model) rather than the de novo synthesis of the latter (the two-population model). However, their postulation is principally based on the mathematical treatment of the data obtained from the density labeling of the enzyme, and importantly they had assumed that there is no change in the specific enzyme activities during greening or sunflower cotyledons. It should be emphasized that if the specific activities change in the pumpkin cotyledons as presently demonstrated, their conclusion needs to be reassessed.
Our present investigation clearly shows that the antiglyoxysomal catalase IgG cross-reacts with the leaf peroxisomal enzyme. We believe that the immunological approach for the analysis of the turnover of catalase during the greening process will provide us useful information concerning the mechanism of the microbody transition. 
